tion behavior of a well defined chlorite (ripidolite) in various controlled chemical weathering environments. (Klein and Hurlbut, 1985). The breakdown and stability of soil minerals is quite the amount of released elements into the soil solution therefore depends on the composition of acidifying agents in soils.
Most chlorites are trioctahedral phyllosilicates with a The breakdown and stability of soil minerals is quite the amount of released elements into the soil solution therefore depends on the composition of acidifying agents in soils.
complex and depends on the crystal structure and chemical composition of the mineral as well as the physical and chemical environment to which the mineral is exposed. Two of the most important chemical weathering A lthough chlorites are common and widespread reactions in soil environments are proton-and ligandminerals, only a few studies on chlorite weathering induced dissolution reactions (Furrer and Sticher, 1999) . under controlled laboratory conditions have been pubDepending on factors, such as climate, vegetation, and lished (Brydon and Ross, 1966; Ross, 1967; Ross, 1975;  agricultural use, the amount and composition of organic Jones, 1981; Kittrick, 1982; Kodoma et al., 1983) . Most and inorganic acids in soil solutions can vary over a weathering studies have primarily focused on the transwide range. Adsorption of H ϩ -ions on mineral surfaces formation of chlorites into secondary alterations prodenhances the hydrolysis of X-O (X ϭ Si, Al, Fe, Mg) ucts in soil environments (Bain, 1977; Rice et al., 1985;  framework bonds and thus the detachment of X into Graham et al., 1990; Cho and Mermut, 1992; Righi et solution. Furrer and Stumm (1986) examined the dissoal., 1993; Yoneda et al., 1995; Kitagawa and Itami, 1996;  lution of oxide minerals and found that the rate of disso- Carnicelli et al., 1997) . Because the characterization of lution is proportional to the concentration of adsorbedthe chlorite species in soils is difficult and the chemical exchanged protons or activated surface complexes. The environment of soils is highly variable, little is known dissolution of phyllosilicates may be much more comabout the weathering behavior of chlorites. The objecplex. Furrer and Sticher (1999) suggested that ligands tive of the present study was to characterize the dissoluincrease the dissolution of aluminosilicates by decreasing the activation energy for the rate-limiting step in stoichiometry and overall dissolution rates of ripidolite. In this study, three inorganic and three organic acids
RESULTS AND DISCUSSION
were used in batch weathering experiments to evaluate (i) the pH dependence of ripidolite weathering, (ii) the According to powder XRD analysis, the mineral sample can be considered a nearly pure chlorite (Fig. 1) . relative effectiveness of different ligands on promoting ripidolite dissolution, and (iii) the stoichiometry of ripi-
The cations which occupy the tetrahedral and octahedral sites influence d-spacing (Brindley and Brown 1980) . dolite dissolution in different chemical environments.
Substitution of Al 3ϩ for Si 4ϩ in tetrahedral sites decreases basal spacing and can be described by the follow-MATERIALS AND METHODS ing equation: d(001) ϭ 14.55 Ϫ 0.29x (Bailey, 1972) , Preparation of Solids where d(001) is the spacing in Å and x the number of Al ions replacing Si in the formula (Si 4-x Al x ). Further-
The ripidolite sample (obtained from the Department of Environmental Sciences, University of California, Riverside, USA) was crushed mechanically with a disk grinder. The crushed material that passed through a 2.0-mm sieve was ground (Brinkmann Mortar Grinder, Brinkmann Instruments, Westbury, NY) and wet-sieved to obtain the 125-to 38-m size fraction. To minimize the effect of high energy surface sites produced during grinding the 125-to 38-m size fraction was washed (mineral:solution-ratio ϭ 1:100) twice in 10 mM HCl and twice with double deionized water. The cleaned ripidolite was then dried at 60ЊC. X-ray diffraction analysis (XRD), scanning electron microscopy (SEM), and triple-point BET analyses were used to determine the crystal structure, surface morphology, and surface area of the starting material.
Experimental Solutions and Design
Stock solutions of the six acids (Table 1) were prepared from reagent grade chemicals and double deionized water. To prevent microbial breakdown of the organic acids, approximately 1 mL (2 drops) of chloroform per liter was added to all solutions. The dissolution experiment was conducted in treated ripidolite (0.1 g) was placed into 25 mL of inorganic but it was not strong enough to remove all fine particles. Since ultrafine particles are associated with an initial rapid nonlinear dissolution rate (Holdren and Berner, 1979) , the remaining particles may have little influence on the measured rates. The surface area of the pretreated material was 1.44 m 2 g
Ϫ1
.
Dissolution Kinetics
The sums of dissolution rates of Si, Al, Fe, and Mg in the presence of 10 mM inorganic and organic acids are shown in Figure 3 . Although the sum of released elements for the different acids ranged from 0.10 mol m Ϫ2 s Ϫ1 ϫ 10 Ϫ10 (acetic acid) to 5.9 mol m Ϫ2 s Ϫ1 ϫ 10 Ϫ10 (oxalic acid), the ratios of released elements in each case approximates the ratios of elements in the mineral. The dissolution of ripidolite in HCl and HNO 3 was simigrain (125-to 38-m fraction; treated two times with 10 mM HCl lar whereas the dissolution in H 2 SO 4 was more than and two times with distilled water).
twice as fast. This is because H 2 SO 4 is a diprotic acid (Table 1) . more the content of heavy metals (e.g., Fe, Mn, Cr) in
The dissolution rates of ripidolite in the presence of trioctahedral chlorites influences the b dimension of the 10 mM organic acids increases in the order of acetic chlorite unit cell. Brindley and Brown (1980) noted that acid Ͻ citric acid Ͻ oxalic acid, which are mono-, tri-, the b is related to Fe 2ϩ for Mg substitution (y) in octaheand dicarboxylic acids, respectively (Table 1) . Organic dral positions by the following equation: b ϭ 9.210 ϩ anions increase the weathering rate of silicates because 0.037y. By using the above relationships, one can calcuof their ability to form complexes with framework metlate Al and Fe values from XRD data, yielding the folals which enhance both the solubility of the metals and lowing, a generalized chemical composition of the triocthe dissolution of minerals (Boyle and Voigt, 1973 1999) . tabulated values of intensity ratios of odd-ordered difSeveral studies have shown that the proton and ligand fraction peaks (Brindley and Brown 1980) can be used.
promoted dissolution of oxides (Furrer and Stumm, On the basis of these XRD analysis, the chlorite used 1986) and aluminosilicates (Kalinowski and Schweda, in this study can be described as a medium Fe-chlorite 1996; Welch and Ullman, 1996 ; Malmströ m and Ben-(ripidolite) with an almost symmetrical distribution of wart, 1997) in acidic solutions is proportional to the metals.
hydrogen ion and ligand activity in solution. The dissoluThe surfaces of the pretreated particles were charaction kinetics can be described by the following exponenterized by scanning electron microscopy (SEM). Fig- tial functions: ure 2 shows a micaceous ripidolite grain with a smooth surface and few fine particles adhering to the surface.
[2] Thus the treatment was mild enough to prevent etch pits or any other visible weathering traces on the surface, where R is the mineral dissolution rate, k is a rate con- stant, a the hydrogen ion or ligand activity, and n an dence. Comparing the three inorganic acids, it can be experimentally determined factor. The subscript H indiseen that hydrochloric and nitric acid show approxicates proton promoted dissolution and the subscript L mately the same pH dependence, whereas the steeper indicates ligand promoted dissolution.
slope of sulfuric acid indicates an additional effect be- Figure 4 shows the increasing dissolution rates of ripisides the increasing H ϩ -ion activity. (Stumpf et al., 1984; Bloom and Erich, 1987) . where the solution pH can be plotted versus the log The pH dependence of acetic acid is only slightly mineral dissolution rates. Thus we obtain the pH depenhigher than hydrochloric and nitric acid, at least bedence of dissolution rates as a straight line with a slope tween pH 3.4 to 4.8. The monocarboxylic anion thus equivalent to n H or n L of Eq. [2] .
has only little effect on ripidolite dissolution rates. The pH Dependence di-and tricarboxylic anions of oxalic and citric acid, by contrast, substantially increase ripidolite dissolution. By calculating the H ϩ -ion activity of each acid in the These acids are known to form complexes with Al and concentration range used in this study, the pH depenFe (Tan, 1993; Strobel, 2001 ) in solution and to catalyze dence of ripidolite dissolution rates in inorganic and aluminosilicate dissolution by decreasing the activation organic acids can be characterized as shown in Figure 5 .
energy for the rate-limiting step in hydrolysis at the For all of the six acids used in our experiments the dismineral surface (Furrer and Sticher, 1999) . solution rates increase with decreasing pH. Compared
The only difference in the initial solution composition with results from Kalinowski and Schweda (1996) who of the six acids at the same pH is the anion associated found a pH dependence of Ϫ0.14 for muscovite and with the acid. Thus, differences in the dissolution behav-Ϫ0.61 for biotite by using inorganic acids, the pH depenior of ripidolite at the same pH are due to the accompadence of ripidolite (Ϫ0.45 in HCl), and therefore the nying anion. Because proton-and ligand-promoted weathering stability, can be considered less than muscomechanisms act simultaneously and are additive, it is vite but greater than biotite. These results also correpossible to isolate the effect of ligands (R L ) by calculatspond with findings of Graham et al. (1989) who studied ing the difference between the total ripidolite dissoluthe weathering of iron-bearing minerals in soils and tion rate (R T ) and the dissolution rate of ripidolite prointerpreted a higher weathering stability of Fe-conmoted by the H ϩ activity (R H ) at the same pH as follows: taining chlorites compared with biotite.
Proton-and Ligand-Promoted Dissolution
This calculation takes into account that surface proIf the H ϩ -ion activity alone influenced the dissolution of ripidolite, all acids should have the same pH depentonation, induced by the adsorption of a ligand, is part of the ligand promoted effect (Stumm 1992). On the ( Table 2 ). The total dissolution rates of ripidolite at pH 3.5 (R T(pH3.5) ) range from 8.28 mol m Ϫ2 s Ϫ1 ϫ 10 Ϫ12 in basis of experiments conducted with feldspars, neither chloride nor nitrate ions were expected to have signifinitric acid to 25.53 mol m Ϫ2 s Ϫ1 ϫ 10 Ϫ12 in citric acid. The ligand-promoted rates at pH 3.5 [R L(pH3.5) ] can be cant effect on mineral dissolution (Welch and Ullman, 1996) . The pH dependence of ripidolite in the presence obtained by subtracting R T of hydrochloric acid from the total dissolution rates of the other acids. However, of hydrochloric and nitric acid can thus be attributed solely to the H ϩ -ion activity.
to compare the effectiveness of different ligands it is necessary to calculate a rate, based not only on the same By using Eq. [4] and by assuming R T in HCl equal R H , one can caluculte the effect of proton-and ligand-H ϩ activity but also on the same ligand activity [rate normalized to the same ligand activity: R L(pH3.5;pL3.5) ]. This promoted dissolution in the investigated acidic systems ligand-promoted dissolution rate yields an enhancement more detail by means of data presented in Table 3 . factor to describe the effect of ligands. Thus the relative Holdren and Speyer (1985) used a Relative Release ability of the ligands to increase the ripidolite dissolution Ratio to describe the stoichiometry of alkali feldspar rate is nitric (0.97) Х hydrochloric (1.00) Х acetic dissolution at different pHs: (1.01) Ͻ sulfuric (1.19) Ͻ citric (2.70) Ͻ oxalic acid (3.27). According to these values the dissolution of ripi-RRR Al/Si ϭ (Al/Si) solution (Al/Si) solid [5] dolite by hydrochloric, nitric, and acetic acid appears to be related to a mainly proton-induced dissolution reacwhere RRR Al/Si is the relative release of Al with respect tion, whereas the accompanied anion of sulfuric, citric, to Si (ratio ϭ 1: congruent dissolution; ratio Ͻ 1: preferand oxalic acid increase the dissolution rate significantly ential release of Si; ratio Ͼ 1: preferential release of by forming metal-ligand complexes with framework Al). Table 3 shows a slightly preferential release of Al metals, in addition to the proton-promoted dissolution.
in the presence of 10 mM oxalic acid. All other acids Our data correspond with studies in the literature for show a highly incongruent dissolution of Al in 0.03 mM other minerals. Bloom and Erich (1987) , and Ridley and an almost congruent dissolution in 10 mM solutions. et al. (1997) have shown that sulfate increases the dissoThis finding is comparable with the behavior of Fe. But lution of Al-bearing minerals, compared with other besides oxalic acid, the ratios in sulfuric and citric acid anions like chloride and nitrate. Several other studies at low pHs (10 mM ϭ pH Ͻ 1,79 and Ͻ 2,41) also have shown that organic acids enhance mineral dissoluindicate a preferential Fe release. Except for acetic and tion of feldspars by a factor of 2 to 5 at pH 3 (Stillings citric acid, the dissolution of Mg seems to be congruent et al., 1996) , of hornblende by a factor of 1.4 to 4.9 at pH 4 (Zhang and Bloom, 1999) , and of micas (Barman within the pH range investigated. Comparing the dissoet al., 1992) by a combined action of acid attack and comlution of Fe relative to Mg, only sulfuric, oxalic, and plexation. citric acid at low pHs induce a slightly preferential release of Fe. These results are consistent with Ross (1968 Ross ( , 1969 Dissolution Stoichiometry who showed that the dissolution of chlorites in very acid The dissolution stoichiometry of ripidolite at different inorganic solutions (2 M HCl) was congruent, suggesting pHs and with different acids can be assessed by compara dissolution process in which the octahedral and tetraing the ratios of released elements with the initial minhedral sheets were equally attacked. However, in acid eral composition. Figure 6 shows the Al/Si, Fe/Si, Mg/Si, solutions, containing complex-forming ligands, a preferand the Fe/Mg solution ratios in the presence of inorential release of Fe and Mg can be seen (Table 3) indicatganic and organic acids between pH 1.79 to 4.80. Three ing a preferential attack of octahedral sheets in the of the ratios (Al/Si, Fe/Si, Mg/Fe) reveal a highly inconchlorite structure. The low release rates of Al and Fe gruent mineral dissolution at relatively high pHs (pH Ͼ at high pHs (pH Ͼ 4.22) and at low ligand concentra-4) with a preferential release of Si for both inorganic and tions (0.03 mM) indicated by RRR values Ͻ 1 may be organic acids. With decreasing pH the dissolution becaused by the precipitation of hydroxides or a readsorpcomes increasingly congruent. The Al/Si ratio reaches tion of Al and Fe at or near the surface. These surface congruency at pH 3 in the presence of inorganic acids precipitates could affect dissolution rates calculated in and shows slightly higher ratios in the presence of or- Fig. 5 . Furthermore an Al and Fe solution concentration ganic acids, indicating a preferential release of Al. The close to the corresponding solubility product of Al and Fe/Si and Fe/Mg ratios in inorganic acid solutions reach Fe hydroxides suggests the formation of hydroxides, congruency approximately at pH 2, whereas in organic even though XRD investigations after the experiment acid solutions ratios indicating congruency are reached showed no evidence of new crystal phases. This is likely and partly surpassed at approximately pH 4. The Mg/ caused by the short time for mineral crystallization in Si ratios reveal an almost congruent dissolution in the this study relative to natural, field conditions of mineral presence of inorganic acids over the entire pH range formation in soils. Precipitates in this study are most and show only a few ratios lower than congruency in likely poorly crystalline compounds and too small to be organic acid solutions between pH 4 and 5.
The stoichiometry of dissolution can be examined in detected by XRD. 
CONCLUSIONS
dissolution rates and pH within the investigated pH range in the presence of organic and inorganic acids. Chemical weathering of rock-forming minerals is of Comparable to the behavior of other aluminosilicates, fundamental importance in controlling ground water complex forming ligands accelerate the dissolution rates geochemistry and the maintenance of soil fertility. Many of ripidolite. laboratory experiments have been conducted to investiFurthermore, the results show that the stoichiometry gate the dissolution behavior of feldspars and 2:1 phylloof chlorite dissolution and therefore the appearance of silicates, such as mica and biotite, in the presence of secondary weathering products depends on the solution varying proton and ligand concentrations, but no such chemistry in which the mineral dissolves. In neutral or data are available for chlorites.
Our data show a linear relationship between ripidolite slightly acidic soils with high contents of complex-form- 
